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Abstract
We study the production and decay of the neutral top-pion pi0t predicted
by topcolor-assisted technicolor(TC2) theory. Our results show that, except the
dominant decay modes bb¯, t¯c and gg, the pi0t can also decay into γγ and Zγ modes.
It can be significantly produced at high energy e+e− collider(LC) experiments via
the processes e+e− → pi0t γ and e+e− → Zpi0t . We further calculate the production
cross sections of the processes e+e− → γpi0t → γt¯c and e+e− → Zpi0t → Zt¯c. We find
that the signatures of the neutral top-pion pi0t can be detected via these processes.
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1 Introduction
The cause of electroweak symmetry breaking (EWSB) and the origin of fermion masses
are important problems of current particle physics. The standard model (SM) accommo-
dates fermion and weak gauge boson masses by including a fundamental weak doublet
of scalar Higgs bosons. However, the SM can not explain dynamics responsible for the
generation of mass. Furthermore, the scalar sector suffers from the problems of triviality
and unnaturalness. Thus, the SM can only be an effective field theory valid below some
high energy scale. Topcolor assisted technicolor (TC2) theory [1] is an attractive scheme
in which there is an explicit dynamical mechanism for breaking electroweak symmetry
and generating the fermion masses including the heavy top quark mass. In TC2 theory,
there are no elementary scalar fields and unnatural or excessive fine-tuning of parame-
ters. Thus, TC2 theory is one of the important promising candidates for the mechanism
of EWSB.
In TC2 theory[1], almost all of the top quark mass arises from the topcolor interactions.
To maintain electroweak symmetry between top and bottom quarks and yet not generate
mb ≈ mt, the topcolor gauge group is usually taken to be a strongly coupled SU(3)⊗U(1).
The U(1) provides the difference that causes only top quark to condense. In order that
topcolor interactions be natural, i.e. without introducing large isospin violation, it is
necessary that EWSB is still mainly generated by technicolor(TC) interactions. In TC2
theory, extended technicolor(ETC) interactions are still needed to generate the masses
of light quarks and contribute a few GeV to mt, i.e. εmt [2]. This means that the
associated top-pions π0t , π
±
t are not the longitudinal bosons W and Z, but are separately
physically observable objects. Thus, TC2 theory predicts a number of Pseudo Goldstone
bosons(PGBs) including the technipions in the TC sector and the top-pions in the topcolor
sector. These new particles are most directly related to the dynamical symmetry breaking
mechanism. Thus, studying the production and decay of these new particles at high energy
colliders will be of special interest.
The production and decay of the technipions have been extensively studied in Ref.[3,4].
2
The virtual effects of the PGB’s(technipions and top-pions) on the processes such as
qq → tt¯, gg → tt¯, γγ → tt¯, t → cV , and e+γ → tbν¯e have been discussed in the
literatures, where the signatures and observability of these new particles were investigated
in hadronic colliders[5], γγ colliders[6] and eγ colliders[7] . In this paper, we will study
the production and decay of the neutral top-pion at high energy e+e− colliders(LC) and
discuss the signatures and observability of the neutral top-pion.
The neutral top-pion π0t , as an isospin-triplet, can couple to a pair of gauge bosons
through the top quark triangle loop in an isospin violating way similar to the couplings of
QCD pion π0 to a pair of gauge bosons. Our results indicate that the main contributions
to the production cross section of the neutral top-pion π0t are expected to come from
the e+e− → π0t γ channel at the LC experiments. In this channel, we find that several
hundred events of π0t can be produced per year by assuming an intergrated luminosity
L = 100fb−1. Possibly, a smaller π0t production may also be observed in the e
+e− → π0tZ
channel.
For TC2 theory, the underlying interactions, topcolor interactions, are nonuniversal
and therefore do not possess a GIM mechanism. This is an essential feature of this
kind of models due to the need to single out the top quark for condensation. This
nonuniversal gauge interactions result in flavor changing neutral current(FCNC) vertices
when one writes the interactions in the quark mass eigen-basis. Thus, the top-pions have
large Yukawa coupling to the third family fermions and induce the new flavor changing
scalar couplings including the t − c transitions for the neutral top-pion π0t . Within the
SM, the flavor changing processes are controlled by the scalar sector and the one-loop
level FCNCs are very small. Thus, we can detect the neutral top-pion via the processes
e+e− → π0t γ → t¯cγ or e+e− → π0tZ → t¯cZ. Our results show that the production cross
sections are significantly large and may be observable in the future LC experiments.
In the rest of this paper, we will give our results in detail. The couplings of the neutral
top-pion π0t to the ordinary particles are discussed in Sec.2, and the decay widths of the
relative decay modes are also estimated. In Sec.3 , we calculate the production cross
sections of the processes e+e− → π0t γ → t¯cγ and e+e− → π0tZ → t¯cZ. Our conclusions
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are given in Sec.4.
2 The couplings of the neutral top-pion π0t to the or-
dinary particles
To solve the phenomenological difficulties of TC theory, TC2 theory[1] was proposed by
combining TC interactions with the topcolor interactions for the third generation at the
energy scale of about 1 TeV. In TC2 theory, the TC interactions play a main role in
breaking the electroweak gauge symmetry. The ETC interactions give rise to the masses
of the ordinary fermions including a very small portion of the top quark mass, namely
ǫmt with a model dependent parameter ǫ ≪ 1. The topcolor interactions also make
small contributions to the EWSB, and give rise to the main part of the top quark mass,
(1 − ǫ)mt, similar to the constituent masses of the light quarks in QCD. So, for TC2
theory, there is the following relation:
ν2pi + F
2
t = ν
2
w, (1)
where νpi represents the contributions of the TC interactions to the EWSB, Ft = 50GeV
is the top-pion decay constant, and νw = ν/
√
2 = 174GeV .
For TC2 theory, it generally predicts three top-pions with large Yukawa couplings
to the third generation. This induces the new flavor changing scalar couplings. The
couplings of the neutral top-pion π0t to the ordinary fermions can be written as[1, 8]:
mt√
2Ft
√
ν2w − F 2t
νw
[KttURK
tt∗
ULt¯LtRπ
0
t +K
tc
URK
tt∗
ULt¯LcRπ
0
t + h.c.], (2)
where the factor
√
ν2w−F
2
t
νw
reflects the effect of the mixing between π0t and the would be
Goldstone boson [9]. KijUL is the matrix element of the unitary matrix KUL which the
CKM matrix can be derived as V = K−1ULKDL and K
ij
UR is the matrix element of the
right-handed relation matrix KUR. Ref.[8] has shown that their values can be taken as:
KttUL = 1, K
tt
UR = 1− ǫ, KtcUR ≤
√
2ǫ− ǫ2. (3)
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If we assume that the part of the top quark mass generated by the topcolor interactions
makes up 99% of mt, i.e. ǫ = 0.01, then we have K
tc
UR < 0.14. In the following calculation,
we will take ǫ = 0.01 and KtcUR as a free parameter. The coupling of π
0
t to the bottom
quark can be approximately written as:
mb −m′b√
2Ft
√
ν2w − F 2t
νw
b¯γ5bπ0t , (4)
where m
′
b is the ETC generated part of the bottom-quark mass. According to the idea of
TC2 theory, the masses of the first and second generation fermions are also generated by
ETC interactions. We have ǫmt =
mc
ms
m
′
b [10]. If we take ms = 0.156GeV , mc = 1.56GeV ,
then we have m
′
b = 0.1× ǫmt.
The couplings of π0t to gauge bosons via the top quark triangle loop are isospin violating
similar to the couplings of QCD pion π0 to gauge bosons. The general form of the effective
π0t −B1 − B2 coupling can be written as [5]:
1
1 + δB1B2
αSpi0
t
B1B2
πFt
π0t ǫµναβ(∂
µBν1 )(∂
αBβ2 ), (5)
where Bν1 and B
β
2 represent the field operators of the gauge bosons. We define α to be
the strong coupling constant αs if B1 and B2 are QCD gluons and equal to
e2
4pi
if B1 and
B2 are electroweak gauge bosons. The anomalous factors Spi0
t
B1B2 are model dependent.
They can be calculated by using the formulas in Ref.[11]. For the neutral top-pion π0t , we
have:
Spi0
t
gagb
=
1√
2
√
ν2w − F 2t
νw
KttURJR, (6)
Spi0
t
γγ =
16
3
√
2
√
ν2w − F 2t
νw
KttURJR, (7)
Spi0
t
Zγ =
16
3
√
2
√
ν2w − F 2t
νw
KttUR tan θwL(mpit), (8)
with
L(mpit) =
∫ 1
0
dx
∫ 1
0
dy
[
1 + (
mpit
mt
)2x(x− 1)y2 + (mZ
mt
)2yx(y − 1)
]−1
, (9)
J(Rpi0
t
) =
1
R2
pi0
t
∫ 1
0
dx
x(x− 1) ln
[
1−R2pi0
t
x(1− x)
]
. (10)
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Where Rpi0
t
=
mpit
mt
, θw is the Weinberg angle. In the above formulas, we have ignored the
coupling of π0t to a pair of gauge bosons Z and taken Spi0tZZ ≈ 0.
If we assume that the mass of π0t is in the range of 200GeV ≤ mpi0t ≤ 350GeV [9], the
possible decay modes of π0t are t¯c, bb¯, gg, γγ and Zγ. Then we have:
Γtotal(π
0
t ) = Γ(π
0
t → bb¯) + Γ(π0t → t¯c) + Γ(π0t → gg) + Γ(π0t → γγ) + Γ(π0t → Zγ). (11)
Using Eq.(2)—-Eq.(9), we can obtain:
Γ(π0t → bb¯) =
3
16π
ν2w − F 2t
ν2w
(mb − 0.1ǫmt)2
F 2t
mpit
√√√√1− 4m2b
m2
pi0
t
, (12)
Γ(π0t → t¯c) =
3(1− ǫ)2
16π
ν2w − F 2t
ν2w
m2tmpit
F 2t
(KtcUR)
2
√√√√1− m2t
mpi2
t
, (13)
Γ(π0t → gg) =
α2s(1− ǫ)2
64π3
m3pit
F 2t
ν2w − F 2t
ν2w
J2(Rpit), (14)
Γ(π0t → γγ) =
α2e(1− ǫ)2
18π3
ν2w − F 2t
ν2w
m3pit
F 2t
J2(Rpit), (15)
Γ(π0t → Zγ) =
α2e(1− ǫ)2
9π3
ν2w − F 2t
ν2w
m3pit
F 2t
tan2 θw
(
1− m
2
t
m2pit
)2
L2(mpit). (16)
Since the c¯LtR coupling is very small [1, 8], we have assumedK
tc
UR ≈ KtcU =
√
|KtcUL|2 + |KtcUR|2
in Eq.(13). Using above equations, we can estimate the branching ratios of the various
decay modes of the neutral top-pion π0t . In Fig.1, we plot the resulting branching ratios as
a function of mpit for K
tc
UR = 0.05. The branching ratios of anomalous channels π
0
t → γγ
and π0t → Zγ are very small, so we do not give the values of Br(γγ) and Br(Zγ) in
Fig.1. From Fig.1, we can see that the largest branching ratio is that of the decay channel
π0t → t¯c. The π0t → t¯c branching ratio varies between 46% and 65% for its mass in the
range of 200GeV -350GeV . For large value of the π0t mass, a considerable ratio of the π
0
t
decay mode can also occur in the anomalous channel π0t → gg. For mpit = 300GeV , we
have Br(gg) ≃ 16%.
To see the effect of the parameter KtcUR on the branching ratio Br(t¯c), we plot Br(t¯c)
versus KtcUR in Fig.2 for mpit = 300GeV . From Fig.2 we can see that Br(t¯c) is sensitive to
the value of parameter KtcUR. For ǫ > 0.01, we have Br(t¯c) ≥ 99%.
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3 the π0t production at high energy e
+e− colliders
From above discussion, we can see that gg is one of the dominant decay modes of the
neutral top-pion π0t . This will make π
0
t observed in the t¯c final state at a hadron collider
very easy. Ref.[8] has extensively studied the signatures of the π0t at the hadron colliders.
In this section we will focus on the π0t production at the high energy e
+e− colliders(LC).
In the LC experiments, the π0t production channels are represented by the processes
e+e− → π0t γ, e+e− → π0tZ. (17)
For the processes in Eq.(17), the general form of the total cross section has been given
in Ref.[12]. For the neutral top-pion π0t , we have assumed that its mass is in the range
of 200GeV ≤ mpit ≤ 350GeV and Spi0
t
ZZ = 0. Thus the production cross sections of the
processes in Eq.(17) can be written as:
σ(e+e− → π0t γ) =
α3
24π2F 2t
(1− m
2
pit
S
)3 (18)
[S2pi0
t
γγ +
(1− 4S2W + 8S4W )
8S2WC
2
W
S2
pi0
t
γZ
(1− m2Z
S
)2
+
1− 4S2W
2SWCW
Spi0
t
γγSpi0
t
γZ
1− m2Z
S
],
σ(e+e− → π0tZ) =
α3
24π2F 2t
(1− m
2
pit
S
− m
2
Z
S
)3S2pi0
t
Zγ, (19)
where
√
S is the center-of-mass energy. Using the above equations, we can calculate the
π0t production cross sections via the processes e
+e− → γπ0t and e+e− → Zπ0t . Our results
are shown in Fig.3 as a function of mpit for
√
S = 500GeV , ǫ = 0.01. From Fig.3, we can
see that the production cross sections increase with decreasing the value of mpit in most
of the parameter space and the cross section σγpi0
t
is larger than the cross section σZpi0
t
.
However, the cross section σγpi0
t
increases with increasing the massmpit formpit > 320GeV .
The reason is that the factor Spi0
t
γγ increases speedily as Rpi0
t
=
mpit
mt
goes to Rpi0
t
= 2. For
mpit = 300GeV , the cross sections are σγpi0
t
= 2.5fb and σZpi0
t
= 0.47fb. To see the effects
of the center-of-mass energy
√
S on the production cross sections, we plot the cross section
σpi0
t
γ(Z) versus
√
S in Fig.4 for ǫ = 0.01 and mpit = 300GeV . From Fig.4, we can see that
the cross sections increase with increasing the value of
√
S. For the process e+e− → π0t γ,
the cross section increases from 2.5fb to 7.1fb as
√
S increases from 500GeV to 1000GeV .
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We consider two future e+e− collider scenarios: a LC with
√
S = 500GeV and a yearly
intergrated luminosity of L = 50fb−1 and a LC with
√
S = 1000GeV and L = 100fb−1.
The yearly production events can be easily calculated. Our numerical results are shown
in Table 1. From Table 1 we can see that the neutral top-pion π0t can be significantly
produced via the e+e− → π0t γ channel at the future high energy e+e− colliders. For this
channel, several hundred events of π0t can be produced per year which would be observed
at the LC experiments, π0t can also be produced via the e
+e− → π0tZ channel. Several
ten events of π0t can be produced per year which may be observed at the LC experiments
with
√
S = 1000GeV .
Table 1: The number of π0t produced per year from π
0
t γ and π
0
tZ at the LC experiments
√
s mpit = 250GeV mpit = 300GeV mpit = 350GeV
{π0t γ, π0tZ} {π0t γ, π0tZ} {π0t γ, π0tZ}
500GeV 150, 31 125, 23 163, 22
1000GeV 582, 136 713, 153 1650, 269
In the SM, t¯c pair production cross sections are unobservably small due to the unitar-
ity of CKM matrix [13]. Thus, any signal of such t− c transitions will be a clear evidence
of new physics beyond the SM. This fact has led to a lot of theoretical activities involv-
ing t − c transitions within some specific popular models beyond the SM. For example,
t¯c production has been studied in Multi Higgs doublets models [14], in supersymme-
try with R-Parity violation [15], in models with extra vector-like quarks [16] and model
independent[17]. For TC2 models, we have discussed the contributions of the new gauge
bosons and the neutral top-pion π0t to t¯c production[18]. From our discussion in Sec.2, we
can see that the t¯c mode is one of the dominant decay modes of the neutral top-pion π0t .
Thus the new flavor changing scalar coupling π0t t¯c may have significant contributions to
the processes e+e− → γπ0t → γt¯c and e+e− → Zπ0t → Zt¯c. The neutral top-pion π0t may
be detected by studying these processes. Since we only consider the real π0t production,
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the cross sections of the processes e+e− → γt¯c and e+e− → Zt¯c contributed by π0t can be
written as:
σγt¯c ≈ σ(e+e− → γπ0t )×Br(t¯c), (20)
σZt¯c ≈ σ(e+e− → Zπ0t )×Br(t¯c), (21)
with
Br(π
0
t → t¯c) =
Γ(π0t → t¯c)
Γtotal(π0t )
. (22)
Where Γtotal(π
0
t ) is the total decay width of the π
0
t . In Fig.5, we plot the cross sections σγt¯c
and σZt¯c as a function of the mass mpit for
√
S = 500GeV , in which the solid and dotted
lines stand for the final states γt¯c and Zt¯c, respectively. From Fig.5 we can see that, for
200GeV ≤ mpit ≤ 350GeV , the cross section σγt¯c varies from 1.29fb to 2.05fb and σZt¯c
varies from 0.20fb to 0.45fb. Thus, for a LC with
√
S = 500GeV , TC2 models predict
tens and up to one hundred of γt¯c raw events, and only few of Zt¯c raw events. Detecting
the neutral top-pion π0t is very difficult via the process e
+e− → Zπ0t → Zt¯c. However,
we can study the signature and observability of π0t via the process e
+e− → γπ0t → γt¯c
and further test TC2 models. In Fig.6 we show the σγt¯c and σZt¯c as a function of
√
S
for mpit = 300GeV . Same as Fig.5, the solid and dotted lines stand for the final states
γt¯c and Zt¯c, respectively. From Fig.6, we can see that the cross sections increase with
increasing
√
S. For a LC with
√
S = 1000GeV and L = 100fb−1, there can be about 443
γt¯c raw events and 95 Zt¯c raw events for mpit = 300GeV . Thus, the neutral top-pion π
0
t
can also be detected via the process e+e− → Zt¯c at a LC with √S = 1000GeV .
4 summary
To avoid or solve the problems, such as triviality and unnaturalness arising from the el-
ementary Higgs field, various kinds of dynamical electroweak symmetry breaking models
have been proposed, and among which TC2 theory is one of the important candidates.
TC2 theory predicts the existence of the top-pions. These new particles are most directly
related to the dynamical symmetry breaking mechanism and can be seen as the charac-
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teristic feature of TC2 theory. Thus it is of great importance to understand what about
the prospects for discovering the top-pions and whether we can study their properties to
determine key features and parameters of TC2 theory.
In this paper, we have studied the production and decay of the neutral top-pion π0t
at high-energy e+e− colliders. The top-pions have large Yukawa couplings to the third
generation fermions and induce the new flavor changing scalar couplings including the π0t t¯c
coupling for the neutral top-pion π0t . The neutral top-pion π
0
t , as an isospin-triplet, can
couple to a pair of gauge bosons through the top quark triangle loop in an isospin violating
way similar to the couplings of QCD pion π0 to a pair of gauge bosons. Our results indicate
that the dominant decay modes are t¯c and gg. Thus, the π0t can be significantly produced
at hadronic colliders. The signatures and observability of the neutral top-pion π0t can be
studied at the Tevatron. This is consistent with the results of Ref.[8].
Except the decay modes t¯c and gg, the π0t can also decay into γγ and Zγ modes.
Thus, the π0t can be produced at the LC experiments via the processes e
+e− → π0t γ and
e+e− → Zπ0t . For
√
S = 1000GeV , the production cross sections σpi0
t
γ and σpi0
t
Z can
reach 7.1fb and 1.5fb, respectively. It is expected that there will be several hundreds γπ0t
and Zπ0t events per year at the LC experiments with
√
S = 1000GeV . Thus the neutral
top-pion π0t will be observed at the high energy e
+e− colliders.
Since the t¯c production cross sections are unobservably small in the SM, any signal of
t¯c production will be a clear evidence of new physics beyond the SM. The flavor changing
scalar coupling π0t t¯c has significant contributions to the processes e
+e− → γπ0t → γt¯c
and e+e− → Zπ0t → Zt¯c. The neutral top-pion π0t can be detected by studying these
processes. Furthermore, we can test TC2 models via these processes at the high-energy
e+e− colliders.
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Figure captions
Fig.1: The branching ratios of the neutral top-pion as a function of its mass mpit.
Fig.2: The branching ratio Br(π
0
t → t¯c) versus the free parameter KtcUR for the mass
mpit = 300GeV .
Fig.3: The production cross sections σγpi0
t
and σZpi0
t
of the neutral top-pion π0t as a func-
tion of its mass for
√
S = 500GeV .
Fig.4: The production cross sections σγpi0
t
and σZpi0
t
versus the center-of-mass energy
√
S
for mpit = 300GeV .
Fig.5: The cross sections σγt¯c and σZt¯c versus the mass mpit for
√
S = 500GeV .
Fig.6: The cross sections σγt¯c and σZt¯c versus
√
S for mpit = 300GeV .
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